Collision-induced absorption is the phenomenon in which interactions between colliding molecules lead to absorption of light, even for transitions that are forbidden for the isolated molecules. Collision-induced absorption contributes to the atmospheric heat balance and is important for the electronic excitations of O 2 that are used for remote sensing. Here, we present a theoretical study of five vibronic transitions in O 2 − O 2 and O 2 − N 2 , using analytical models and numerical quantum scattering calculations. We unambiguously identify the underlying absorption mechanism, which is shown to depend explicitly on the collision partner-contrary to textbook knowledge. This explains experimentally observed qualitative differences between O 2 − O 2 and O 2 − N 2 collisions in the overall intensity, line shape and vibrational dependence of the absorption spectrum. It is shown that these results can be used to discriminate between conflicting experimental data and even to identify unphysical results, thus impacting future experimental studies and atmospheric applications.
T he selection rules that govern atomic and molecular spectroscopy are related to symmetry restrictions, which imply vanishing transition strength to a certain degree of approximation. Symmetry is broken by collisions with other molecules in the gas phase, which lifts the selection rules and induces otherwise forbidden electric dipole transitions, leading to so-called collision-induced absorption 1 . Collision-induced absorption was discovered by Welsh and co-workers for forbidden vibrational transitions in compressed O 2 and N 2 gases 2 . More recent measurements of collision-induced absorption typically use cavity ringdown spectroscopy to observe the weak collision-induced signal by achieving long path lengths [3] [4] [5] [6] [7] [8] [9] [10] [11] , rather than high pressures 12, 13 . Roto-translational collision-induced absorption is important for the atmospheric heat balance 14 , and electronic transitions in , have gained significant attention as they are observable in Earth's atmosphere and used in remote sensing calibration. Absorption for these transitions is due to spin-orbit-allowed magnetic dipole lines, but collisioninduced absorption also contributes significantly. Oxygen collisioninduced absorption has also been put forward as a biomarker to be observed in exo-planetary atmospheres 21 , where the quadratic pressure dependence can be used to probe the atmospheric distribution, in addition to the column density.
The theoretical treatment of collision-induced absorption is well established for rotation-translation and vibrational transitions 1 , and it is well known that such spectra are typically dominated by quadrupole induced dipole moments. Electronic transitions have been studied theoretically for forbidden 1 S → 1 D transitions in atom-atom collisions 22, 23 , and the mechanism is again quadrupole induction. By contrast, for spin-forbidden electronic transitions, the mechanism cannot be only quadrupole induction, as this interaction does not lift the spin selection rule. Mechanisms for breaking spin symmetry have been suggested [24] [25] [26] [27] [28] [29] [30] , but not identified in absorption spectra, despite extensive experimental studies. The most extensively studied spin-forbidden transitions are electronic transitions of molecular oxygen. In 1885, Janssen first observed the oxygen A-band in dense gases 31, 32 , long before the process was identified as collision-induced absorption 33 . More recently, atmospheric applications have motivated numerous experimental studies, which observe both monomer absorption lines and collision-induced absorption [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [34] [35] [36] . A line shape theory does not yet exist, neither for spin-forbidden transitions nor for collision-induced molecular electronic transitions in general.
Here, we theoretically study the
and
transitions of molecular oxygen in O 2 − O 2 and O 2 − N 2 collisions. These transitions are monomer-forbidden by both spin (S = 1 ↛ 0) and spatial (g ↛ g) selection rules. The most influential monograph on collision-induced absorption states the following about these specific transitions 1 : 'For collisional induction of these bands a foreign molecule is more or less as expedient as an O 2 molecule. The specific properties of the collisional partner hardly matter as long as it is not absent. " In this Article, however, we show that the underlying absorption mechanism depends on the specific properties of the collisional partner and that this leads to qualitative differences in the intensity, line shape and vibrational dependence of the absorption spectra. To this end, we present the first theoretical line shape study of electronic transitions in molecular collision-induced absorption.
In a bimolecular collision, the symmetry of the system is broken and the spatial selection rules are relaxed. However, this does not lift the selection rule on spin multiplicity. Three different mechanisms have been proposed to break the spin symmetry:
The first mechanism, the spin-orbit mechanism, takes into account the intramolecular spin-orbit coupling between the Σ Ω= − + X , 0 g 3 and Σ + b g 1 states of O 2 , which mixes these states with coefficient C = 0.0134i. This mixing of singlet and triplet electronic states lifts the spin selection rules [25] [26] [27] [28] . This leads to spin-orbitallowed magnetic dipole and electric quadrupole transition moments and the associated monomer absorption lines. In a collision complex, the breaking of spin symmetry leads to transition dipole moments, through quadrupole induction. This dipole moment is long ranged and varies with R −4 , where R is the intermolecular distance. 
The final state is a total spin triplet state of the complex, whereas the initial state has two triplet molecules, which can couple to overall singlet, triplet and quintet spin states. For transitions between triplet states, the formal spin restriction has been lifted. Non-zero intensity for this process is due to the exchange interaction between paramagnetic collision partners 24 , and the induced dipole moment decays exponentially with the intermolecular distance, as exp(− γR).
The heavy-atom effect is a possible third mechanism, where interaction with a heavier element enhances relativistic effects such as spin-orbit coupling 25, 29, 30 . This mechanism is not considered here because it is less relevant for collisions with light atmospherically abundant collision partners such as N 2 and O 2 . and
and O 2 − N 2 , for both the exchange and spin-orbit mechanisms. Such line shape calculations, which have previously been performed only for roto-translational and vibrational (RT&V) transitions, obtain the absorption spectrum from dipole coupling between the scattering wavefunctions that describe the colliding molecules, which are calculated using coupled-channels theory 1 . These calculations require the electronic energy and transition dipole moments for the electronic ground and six electronically excited states of the complex as a function of the nuclear coordinates. We calculated these four-dimensional potential energy and exchange-induced transition dipole moment surfaces using ab initio electronic structure methods
37
. The essential innovation that enabled these calculations was diabatization of these surfaces, which includes non-adiabatic couplings beyond the Born-Oppenheimer approximation. To this end, we used a novel multiple-property-based diabatization algorithm, which has been developed as a part of this project 38 . This treatment is crucial due to the occurrence of seams of conical intersections at which derivative couplings are divergent. The issue of diabatization is not encountered for RT&V dipole surfaces, which involve only the electronic ground state. Similarly unfamiliar from RT&V transitions is the first-principles computation of intermolecular exchange-induced properties, which is virtually unexplored 39 , and is shown here to be challenging. For the spin-orbit mechanism, we employ the long-range model that we developed in ref.
40
, which involves the spin-orbit-induced transition quadrupole moment of O 2 . In this work, scattering wavefunctions are calculated in the approximation of an isotropic interaction between the colliding molecules. This allows decoupling of the radial and angular degrees of freedom and the latter to be treated analytically, thus significantly reducing the computational effort. The isotropic approximation applies only to the interaction potential, whereas the full anisotropic transition dipole surface is used. This approximation is commonly used in line shape calculations for RT&V bands, and we have extended this theory to electronic transitions 40 . We also present corrections to this approximation from classical statistical mechanics, using the full anisotropic interaction. Numerical results suggest that the effect of anisotropy is more pronounced for electronic transitions than for RT&V bands. A more detailed discussion of all the calculations is provided in the Supplementary Information and supporting references 37, 38, 40 . 
9,100 10,600 10,800 11,000 11,200 9,200 9,300 9,400 9,500 9,600 9,700 , this work and ref. 9 , respectively. The absorption coefficient, α , is normalized to the square of the number density, which is measured in amagat, the number density of an ideal gas at 1 atm and 0 °C. Absorption by O 2 − O 2 is more intense and broader in frequency than for O 2 − N 2 . Vibrational transitions v′ > 0 are observed for O 2 − O 2 but not for O 2 − N 2 . The intensity for the spin-orbit mechanism follows the predicted scaling with Franck-Condon factors, whereas the suppression is evidently less strong for the exchange contribution, which only contributes for O 2 − O 2 . and
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transitions, respectively. The a 1 Δ g (v′ = 1) band was measured in this work using cavity ring-down spectroscopy, similar to the method used in ref. 6 , and is described in more detail in Supplementary Section 6. Experimental data for the a
bands are taken from refs 4, 7, 9, 12 , and are the HITRAN recommended data wherever multiple experiments exist 41, 42 . The theoretical line shapes match the experimental results well. However, to also achieve agreement for the intensities, the theory was scaled by the factors shown in Table 1 . The scaling factors for the exchange mechanism, c Exch , seem large, but, as shown below, they are within the uncertainty of the calculated intensity (which is due to the large uncertainty of the dipole surfaces for this mechanism). The predicted line shapes are unaffected by this uncertainty. For the spin-orbit mechanism, where the dipole surface is known more accurately, the anisotropy-corrected scaling factors are closer to unity.
Intensity. From the absorption spectra in Figs. 1 and 2, qualitative differences between O 2 − O 2 and O 2 − N 2 collision-induced absorption become apparent. The O 2 − O 2 contributions are typically more intense, significantly broader in frequency, and decay less rapidly with increasing vibrational excitation v′ . The difference in line shape is seen even more clearly on a logarithmic scale (Fig. 5) . The observed difference in intensity can be understood as the O 2 − N 2 intensity is solely due to the spin-orbit mechanism, whereas the O 2 − O 2 intensity is dominated by the additional exchange mechanism, and the contribution of the spin-orbit mechanism is observable only near the line centre.
Line shape. The difference in line shape can also be understood from these mechanisms and the correspondingly different geometry dependence of the transition dipole moment. The dipole moment of the spin-orbit mechanism, which is the only contribution for O 2 − N 2 , results from long-range spin-orbit-induced quadrupole induction and depends on the intermolecular distance, R, as R −4 . This drives electronic transitions at comparatively long length scales-and therefore long timescales-which leads to a relatively narrow absorption feature. By contrast, the dipole moment of the exchange mechanism, which dominates for O 2 − O 2 , decays exponentially with intermolecular distance. This induces electronic transitions at very short length and timescales, leading to a much broader absorption spectrum.
To rigorously demonstrate the relation between line shape and absorption mechanism, we considered an analytical model for the translational profile, VG, which determines the absorption line shape (Supplementary Section 1e) . This model accounts for hard-sphere scattering (with radius a) at a single energy E = k B T and dipole functions proportional to exp(− γR) and R −4 , respectively. This yields for the exchange (Exch) and spin-orbit (SO) mechanisms: 
, respectively. These profiles are compared to the results of the full calculations in Fig. 3 , using realistic parameters a = 7a 0 and γ = Vibrational dependence. The differences in v′ dependence, seen in Figs. 1 and 2 , are explained by the vibrational dependence of the transition dipole moments. In the spin-orbit mechanism, the only contribution for O 2 − N 2 , the dipole moment is proportional to the spin-orbit-induced transition quadrupole moment of O 2 . 
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This transition quadrupole moment is only weakly dependent on the O 2 bond length, and so the intensities of transitions to v′ > 0 are suppressed following the Franck-Condon factors. For the bands studied here, the Franck-Condon factors are small, ranging from 1 × 10 −4 to 7 × 10 −2 (ref.
44
). Therefore, the v′ > 0 transitions are heavily suppressed for O 2 − N 2 and are not observed. For the exchange mechanism, which is dominant for O 2 − O 2 , the vibrational dependence is evidently much stronger, as v′ > 0 bands are suppressed by much less than the Franck-Condon factor. This can be understood as the transition dipole moment for this mechanism depends on the nuclear geometry-including vibrational coordinates-with exponential sensitivity. This is shown by exploratory electronic structure calculations, presented in Supplementary Section 2, which yield a vibrational dependence that is in qualitative agreement with the scaling factors in Table 1 .
Analysis of experimental spectra. The insight into the absorption mechanism and resulting spectral signatures developed in the previous sections can be used to analyse conflicting experimental line shapes. This is illustrated in Fig. 4 , which shows collision-induced absorption spectra for the oxygen A-band
transition in air, that is, 21% O 2 and 79% N 2 . The experimental results in ref. 12 and the theoretical spectrum correspond to those shown in Fig. 2a . Figure 4 also contains data from the recent multispectrum fitting study of ref. 45 . The experimental spectra differ significantly, and the line shape of ref.
45 is narrower and more structured. The collision-induced line shape of ref.
45 is even narrower than the narrowest theoretical result, corresponding to the R −4 spin-orbit mechanism, indicated as 'Best fit' in Fig. 4 . This implies that the line shape of ref.
45 can only be reproduced by assuming a transition dipole moment that has an even longer range than R −4 ; that is, the line shape is unphysically narrow.
By contrast, the widths of the spectra of ref. 12 match the theoretical predictions well, for both O 2 − O 2 and O 2 − N 2 . However, deviations between theory and the experiment of ref. 12 are observed in the structure near the band centre, which is also visible in Fig. 2a . In the theoretical spectra, the high-frequency wing is always more intense than the low-frequency wing due to the detailed balance relation developed in Supplementary Section 1g, which the experimental spectrum is seen to violate. This approximate detailed balance relation assumes a weak dependence of the potential on the electronic state.
In the experiments compared above, the total absorption is measured directly, and the experimental collision-induced absorption spectra are obtained by subtracting a line-by-line model of the monomer absorption. This analysis can lead to a dependence of the extracted collision-induced absorption on line-by-line parameters such as line mixing 12, 45 . Analysis of experimental spectra is particularly difficult for the A-band, where the differences between experiment and theory are largest, because collision-induced absorption is weakest and magnetic dipole lines are strongest for this transition. Thus, the marked deviations from theory do not disqualify either measurement; rather they expose the limitations of the line-by-line absorption models employed and issues with parameter correlation. In this context, the presented line shape theory is a useful constraint on experimental data, which could improve fitting and extrapolation of measured absorption and hence further improve the accuracy of atmospheric measurements.
Discussion
Finally, we estimated the uncertainty of our calculations, which had two sources. First, the scattering dynamics is treated approximately, using isotropic interaction potentials. Second, the used potential energy and transition dipole moment surfaces are inexact.
Including interaction anisotropy in quantum-mechanical line shape calculations is prohibitively computer intensive 46 and not attempted here. Yet, we can provide estimates of the effects of interaction anisotropy from a classical statistical mechanical theory, as used in ref. 47 and discussed in more detail in Supplementary Section 3. We note that quantum corrections to this formalism are available 48 , but have not been included. In this theory, the integrated intensity-but not the line shape-is calculated from a thermal average of the squared transition dipole moment. These integrals over the dimer configuration space can be performed using either isotropic or anisotropic potentials, and the ratio of these results provides an estimate of the effect of anisotropy on the intensity. We find that anisotropic interactions enhance the intensity by a factor of 2 to 4 for the bands considered here, indicating that full inclusion of anisotropy is necessary to reproduce the experiment. We note that, when this procedure is applied to the roto-translational band of N 2 − N 2 , we find 20% enhancement of the intensity at T = 78 K, but essentially no effect at room temperature, in agreement with the 12 and of the more recent ref.
45 differ significantly. The line shape of ref. 45 is even narrower than the theoretical line shape for the spin-orbit mechanism, which is indicated as the best fit. A narrower line shape requires a dipole moment of longer range than R −4 , which is unphysical. 
46
. To further investigate the effect of anisotropy, we performed line shape calculations using a radially shifted isotropic potential. As shown in Fig. 5 , agreement of the total intensity requires a shift of 0.6-0.7a 0 , which is small compared to the neglected anisotropy of the classical turning point of the potential, which varies between 7.5a 0 for collinear geometries and 5.4a 0 for parallel orientations. These results suggest that the effect of anisotropy may be more substantial for the electronic transitions studied here than for their well-studied roto-translational counterparts.
The accuracy of our calculations was further affected by the accuracy of the transition dipole surfaces. To give an estimate of the associated uncertainty, we calculated the absorption spectra with a number of dipole surfaces, as shown in Fig. 5 . This includes the MRCI and CASSCF dipole surfaces of ref. 37 and additional surfaces denoted CIS, lCAS and RAS, calculated in the present work. A more detailed description is provided in Supplementary Section 4. The methods used to calculate these transition dipole moment surfaces differ only in the treatment of electron correlation, and the observed differences represent a rather surprising result. Dipole moments for allowed transitions are typically accurately calculated at low levels of theory, as they are of one-electron character and hence insensitive to hard-to-treat effects such as electron correlation. The transitions studied here are induced by the intermolecular exchange interaction and are not simple one-electron transitions, so the effects of electron correlation are surprisingly pronounced. The predicted intensities differ by factors up to 10, so the scaling factors of Table 1 are within the 'theoretical error bars' . More importantly, the predicted line shape is unaffected by this uncertainty, which motivates the analysis in terms of theoretical line shapes but not intensities, presented in this Article. This can be understood from analysis of the line shape, presented in Supplementary Section 1c. The line shape is sensitive to the exp(− γR) decay with intermolecular separation R, but is affected less by the intensity and anisotropy of the dipole surface, which remain uncertain.
Conclusions
In conclusion, we have presented the first line shape calculations for spin-forbidden electronic transitions in bimolecular collisions, which permit the unambiguous identification of the absorption mechanism for the
and Σ ′=
The absorption mechanism is shown to depend on the specific properties of the collision partner, which contradicts the conventional wisdom in the field 1 . Only if the perturbing molecule has non-zero electron spin does an intermolecular-exchange mechanism contributes to the absorption, in addition to a spin-orbit-based mechanism. As a result, the O 2 − O 2 absorption spectra-when compared to O 2 − N 2 -are more intense, broader in frequency and decay less rapidly with v′ , violating the v′ dependence expected from Franck-Condon factors. These spectral signatures of the absorption mechanism are reproduced by our ab initio calculations and are explained by the difference in range-R −4 versus exp(− γR)-of the induced transition dipole moment for the two underlying absorption mechanisms. The radial dependence of these mechanisms is not specific to the studied systems, so our conclusions are more generally applicable. The presented results impact experimental studies, where analysis of the spectral line shape allows the relative contribution of the underlying absorption mechanisms to be extracted and even to identify unphysical results, as illustrated for conflicting experimental data for the oxygen A-band 12, 45 . Furthermore, this study motivates the development of electronic structure methods to calculate converged exchange-induced transition dipole moments, which presently have surprisingly large theoretical error bars due to the sensitivity to electron correlation. 4 and ref. 12 , respectively. Theoretical spectra based on the exchange mechanism are calculated using various dipole moment surfaces, as indicated in the legend in the figure. These predictions differ by an order of magnitude in intensity but predict identical line shapes, which differ substantially from the more narrow O 2 − N 2 results included for comparison.
